Background: The thioredoxin system consisting of NADP(H), thioredoxin reductase and thioredoxin provides reducing equivalents to a large and diverse array of cellular processes. Despite a great deal of information on the kinetics of individual thioredoxin-dependent reactions, the kinetic regulation of this system as an integrated whole is not known. We address this by using kinetic modeling to identify and describe kinetic behavioral motifs found within the system. Results: Analysis of a realistic computational model of the Escherichia coli thioredoxin system revealed several modes of kinetic regulation in the system. In keeping with published findings, the model showed that thioredoxindependent reactions were adaptable (i.e. changes to the thioredoxin system affected the kinetic profiles of these reactions). Further and in contrast to other systems-level descriptions, analysis of the model showed that apparently unrelated thioredoxin oxidation reactions can affect each other via their combined effects on the thioredoxin redox cycle. However, the scale of these effects depended on the kinetics of the individual thioredoxin oxidation reactions with some reactions more sensitive to changes in the thioredoxin cycle and others, such as the Tpx-dependent reduction of hydrogen peroxide, less sensitive to these changes. The coupling of the thioredoxin and Tpx redox cycles also allowed for ultrasensitive changes in the thioredoxin concentration in response to changes in the thioredoxin reductase concentration. We were able to describe the kinetic mechanisms underlying these behaviors precisely with analytical solutions and core models.
Background
The thioredoxin redox cycle consisting of NADP(H), thioredoxin reductase and thioredoxin is central to the regulation of several cellular redox processes [1] [2] [3] [4] . Thioredoxin reductase reduces the oxidized form of thioredoxin with NADPH as a source of reducing equivalents ( Figure 1 ). Reduced thioredoxin in turn reduces a diverse array of cellular redox partners which are essential in a number of cellular processes such as hydrogen peroxide metabolism, sulfate assimilation, DNA synthesis and signal transduction [1] [2] [3] 5] .
The kinetics of individual thioredoxin-dependent reactions have been studied in great detail; parameters and kinetic models (mass action, ping-pong and redox cycles) are available for many reactions. However, the kinetic regulation of the thioredoxin system as a whole is not known. While kinetic modeling would be the ideal tool to explore this type of regulation, the contrasting in vivo and in vitro descriptions given to thioredoxins have complicated the construction of models of the thioredoxin system. Redox potentials have been used to describe the thioredoxin system in vivo (see for example [6] ), which has led to the description of redoxin networks as redox circuits in which thioredoxin is a central node that distributes reducing equivalents to a number of independent processes ( Figure 1 , [3, 7] ). On the other hand, thioredoxins have also exhibited enzymatic behaviors such as substrate saturation in vitro (see for example [8] ), which suggested that Michaelis-Menten parameters were the key descriptors for thioredoxin activity and these parameters have consequently been used to delineate the roles played by individual redoxins in cellular process (see for example [9] ). We have recently reconciled these in vitro and in vivo descriptions by showing that the purported enzymatic properties attributed to thioredoxins resulted from the saturation of the thioredoxin redox cycle and that the ratio of reduced to oxidized thioredoxin reflects the steady state rates of thioredoxin reduction and oxidation [10] .
A further challenge for any systems analysis of thioredoxin system is that there is as yet no solid theoretical framework on which to be base such an analysis. It is not clear, for example, whether thioredoxin-dependent reactions affect each other, or how the kinetic structures within the thioredoxin system contribute to the regulation of the system. In this paper we address this by analyzing a set of kinetically distinct reactions from the thioredoxin system in Escherichia coli (Figure 1 ). Using kinetic modeling we precisely describe how changes in the thioredoxin redox cycle affect thioredoxin-dependent reactions and show that the kinetic behavioral motifs found within the thioredoxin system and associated reactions allow for several modes of kinetic regulation.
Results

Kinetic model of the Escherichia coli thioredoxin system
To identify putative kinetic motifs within the thioredoxin system, a realistic computational model of the E. coli thioredoxin system was developed. However, the kinetic parameters for many of the reactions involved in the complete thioredoxin redox network were unavailable or may require revision [10] and we therefore only modeled a set of thioredoxin-dependent reactions ( Figure 1 , Table 1 ). To simplify the description of the results below, reduced thioredoxin (Trx1) will be referred to as "thioredoxin" and oxidized thioredoxin will be referred to as "oxidized thioredoxin". Trx2 was not included in the model as its intracellular concentration is substantially lower than Trx1 even under oxidative stress conditions [11] .
In this model, the reduction of oxidized thioredoxin by thioredoxin reductase was assigned Michaelis-Menten kinetics and the non-specific reduction of cytosolic protein disulfides (PSS) was modeled with mass action kinetics as previously described [10] . Thioredoxin is an electron donor for the reduction of methionine sulfoxide and 3'-phosphoadenosine-5'-phosphosulfate (PAPS) by methionine sulfoxide and PAPS reductase respectively [5] which both utilize a ping-pong kinetic mechanism [12] [13] [14] . However, the concentration for PAPS in our model was lower than the assigned concentration of PAPS reductase (Table 1 ) and this reaction was therefore modeled with mass action kinetics. The model included the reduction of the peroxiredoxin Tpx by thioredoxin and its oxidation by hydrogen peroxide [15] .
Peroxiredoxins have generally been regarded as enzymes and their activities have usually been described with Michaelis-Menten parameters (see for example [15] ). However, this description of peroxiredoxin activity is undergoing review for a number of reasons. Firstly, intracellular peroxiredoxin concentrations are usually much greater than the ambient intracellular hydrogen peroxide concentration in cells [16] . Secondly, it has been shown that Michaelis-Menten parameters in general [17] and some assay conditions specifically [18] have underestimated the activity of peroxiredoxins. Dalziel kinetic analysis has also shown that the peroxiredoxin reduction and oxidation reactions for Schistosoma 
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TrxSS Figure 1 Modelling the thioredoxin system in E. coli. A kinetic model of the thioredoxin system in E. coli was developed that included reactions for the reduction of oxidized thioredoxin (TrxSS) by thioredoxin reductase (TR), the thioredoxin-dependent reductions of methionine sulfoxide (Met-S-SO) by methionine sulfoxide reductase (MsrA) and 3'-phosphoadenosine-5'-phosphosulfate (PAPS) by PAPS reductase (PR) and the Tpx-dependent reduction of hydrogen peroxide. In other systems biology approaches, electron flow pathways have been used to model this system (blue arrows).
However, in our model, thioredoxin-dependent reactions were modeled as a series of moiety conserved cycles (see text for details).
mansoni peroxiredoxin 1 can essentially be described by two independent mass action reactions [19] , and, in a model of hemoglobin oxidation in red cells, the reduction of hydrogen peroxide by peroxiredoxin II could be modeled effectively with mass action kinetics [20] . In our computational model, the individual oxidation and reduction reactions of Tpx were therefore described with mass action kinetics (i.e. the peroxiredoxin redox cycle was modeled explicitly, see Figure 1 ). To analyze this system, model parameters were varied and the effect of these changes on the fluxes through the thioredoxin system was determined [21, 22] (Figure 2) . Decreases in the concentration of thioredoxin reductase triggered decreases in the fluxes of all thioredoxin-dependent reactions showing that the kinetic profiles for all reactions that yield oxidized thioredoxin can be affected by global changes in the thioredoxin system ( Figure 2A) . However, the extent of these decreases differed between these reactions with the flux through the Tpx being the least affected and the fluxes for the non-specific reduction of protein disulfides (PSS) and the reduction of PAPS being the most affected.
A decrease in the thioredoxin reductase concentration decreased the steady state (reduced) thioredoxin concentration ( Figure 2B ), consequently affecting the fluxes of the thioredoxin oxidation reactions (Figure 2A ). These results agree with published findings which have shown that changes in the thioredoxin system can change the oxidation state of thioredoxin (see for example [23] ) and therefore affect thioredoxin-dependent pathways [3, 6, [23] [24] [25] . A striking feature of these changes to the thioredoxin reductase levels was the abrupt, almost ultrasensitive change [26] in the reduced thioredoxin concentration ( Figure 2B ).
In this model, increases in the protein disulfide concentration (PSS) increased the fluxes through the thioredoxin reductase and the protein disulfide reduction reactions ( Figure 2C ), with the latter reaction saturating at higher concentrations of substrate (not shown) whilst the other reactions were not as affected over the range of concentrations tested in this analysis ( Figure 2C ). Increases in the substrate concentrations for the PAPS and methionine sulfoxide reductases also increased their fluxes whilst the fluxes of the other thioredoxin oxidation reactions were not dramatically affected ( Figure  2D -E). On the other hand, increases in the hydrogen peroxide levels substantially decreased the fluxes through the other thioredoxin oxidation reactions whilst having a smaller effect on the fluxes though the Tpx and the thioredoxin reductase reactions, indicating that the system has a differential sensitivity to hydrogen peroxide ( Figure 2F ). These results demonstrate that, depending on its kinetics, a given thioredoxin-dependent reaction may be significantly affected by, or may significantly affect other thioredoxin-dependent reactions. Based on these results we have identified four kinetic behaviors that could potentially regulate the fluxes through the thioredoxin system. Firstly, the system appears to be adaptable, i.e. changes in the thioredoxin system can result in different kinetic profiles for thioredoxin-dependent reactions ( Figure 2A) . Secondly, the (reduced) thioredoxin concentration appears to respond in an ultrasensitive manner to changes in the thioredoxin reductase concentration ( Figure 2B ). Thirdly, reactions involving thioredoxin display varying degrees of interconnectivity to each other by virtue of their combined effects on the thioredoxin redox cycle ( Figure 2B , C, E). Finally, depending on their kinetics, individual thioredoxin-dependent reactions may be either insulated or sensitive to changes in the thioredoxin redox cycle ( Figure 2C -F). Analytical solutions and computational models were used to investigate the principles underlying these behaviors.
Adaptable systems
Michaelis-Menten parameters obtained from enzymekinetic assays of thioredoxin in vitro are not true constants -they have been shown to vary with changes in the concentration of the components of the thioredoxin system (Table 1 , [8] and see [10] ). Furthermore, changes to the thioredoxin system in vivo affect the fluxes through thioredoxin-dependent reactions [3, 6, 11] . These results together with our modeling data ( Figure 2A ) suggested that changes to the thioredoxin system can affect the kinetic profiles of thioredoxin oxidation reactions. To describe this effect in more detail an analytical solution for a single cycle redoxin system with irreversible mass action kinetics for all reactions was evaluated (Scheme I). Mass action kinetic expressions were used since realistic treatments with Michaelis-Menten or ternary complex expressions for thioredoxin reductase [10] were not solvable analytically. Nonetheless these simplified solutions have showed a good correspondence to models with realistic kinetic parameters and rate expressions [10] .
In this scheme, reaction (1) represents the reduction of oxidized thioredoxin by thioredoxin reductase (with rate v 1 ) and reaction (2) represents the reduction of a substrate PSS to PSH with the concomitant oxidation of reduced thioredoxin to oxidized thioredoxin (with rate v 2 ). Scheme I can be described with the following equations:
The analytical steady-state solution for such a single cycle redoxin system with mass action kinetics for redoxin oxidation and reduction was described previously [10] . The steady-state flux, J, through the thioredoxin oxidation reaction, can thus be described as follows:
where k 1 is rate constant for the NADPH-dependent reduction of thioredoxin, k 2 is rate constant for oxidation of thioredoxin by substrate PSS, and Trx total is the moiety sum of the reduced and oxidized thioredoxin concentrations. Equation (5) has the same form as the MichaelisMenten equation with an apparent V max described by k 1 ·NADPH·Trx total , an apparent k cat described by k 1 ·NADPH and an apparent K m described by k 1 ·NADPH/k 2 .
As described previously [10] , with increases in substrate concentration PSS, the flux through the thioredoxin oxidation reaction will saturate as the thioredoxin reduction reaction becomes limiting (equation (5)). Given that thioredoxin has multiple substrates within the cell [3] , these results imply that a substantial increase in the concentration of these substrates, individually or collectively, could result in the apparent saturation of all substrate reduction reactions by the thioredoxin system. Secondly, the maximum flux through the thioredoxin system is determined by the concentration and activity of thioredoxin reductase (k 1 ), the NADPH concentration, and the total thioredoxin concentration (Trx total ). These molecules, together with the thioredoxin redox ratio, are therefore key indicators of the state of the thioredoxin system. The apparent K m of the thioredoxin system is determined by the relative rates of thioredoxin oxidation and reduction and the NADPH concentration (equation (5)), and if the term k 1 ·NADPH is several fold higher than the term k 2 ·pss, then the rate of PSS reduction is linear with respect to PSS concentration (J ≈k 2 ·Trx total ·pss, see equation (6)).
To confirm these analytical results a core model based on Scheme I with Michaelis-Menten kinetics for the thioredoxin reductase and mass action kinetics for the thioredoxin oxidation reactions [10] was analyzed ( Table 2 ). All parameters in the model including the total thioredoxin concentration were initially set to one. The concentration of the thioredoxin redox partner PSS was varied over a hundred fold range and the effect on the flux through the system determined at differing concentrations of a given parameter (Figure 3 ). In agreement with the analytical solution for the system (equation (5)), increasing the concentrations of NADPH and thioredoxin reductase increased the maximal attainable flux through the thioredoxin system ( Figure 3A-B) . Further, with increases in these concentrations, higher concentrations of PSS were required to saturate the system (i.e. the apparent K m for PSS increased ( Figure 3A-B) ). The activity of thioredoxin reductase is therefore a crucial determinant of the kinetic profile of thioredoxin oxidation reactions.
Changes in the total (oxidized and reduced) thioredoxin concentration also affected the fluxes and kinetic profiles of thioredoxin-dependent reactions in the thioredoxin system ( Figure 3C ). With increases in this concentration, the maximal flux through the thioredoxin system increased but the system rapidly saturated at comparatively lower concentrations of PSS (cf. Figure 3A -B).
Ultrasensitivity responses in the thioredoxin system
Zero-order ultrasensitive responses are typically generated by enzymatically linked moiety-conserved cycles in which at least one of the converter enzymes is saturated by its substrate [26] . However, in our model of the E. coli thioredoxin system, all the reactions were coupled to a single thioredoxin redox cycle and most of the enzymatic reactions were not under zero-order conditions (Table 1 ). Other ultrasensitive kinetic motifs such as positive cooperativity and multi-step activation were also not evident in our kinetic model.
To determine the kinetic mechanism underlying the ultrasensitive changes in the concentration of thioredoxin with changes in the thioredoxin reductase concentration ( Figure 2B ), the rates in each of the thioredoxin oxidation reactions in the model where were sequentially set to zero and the effect on the ultrasensitive change in the thioredoxin concentration monitored. This analysis revealed that this effect was mediated primarily by the coupling of the thioredoxin redox cycle to the Tpx redox cycle (data not shown), with the kinetic parameters of the Tpx redox cycle being critical to this response ( Figure 4) .
To investigate the mechanism behind this behaviour, a core model comprising just the thioredoxin and Tpx redox cycles with realistic kinetic parameters and expressions was developed. The ratio of the second order rate constants for Tpx reduction and oxidation were varied (i.e. k H2O2 /k trxsh , Table 1 ) and the effect of the changes in the thioredoxin and Tpx redox cycles monitored in the model (Figure 4) . Decreases in the k H2O2 /k trxsh ratio resulted in steeper changes in the reduced thioredoxin and oxidized Tpx concentrations ( Figure 4A, D) showing that the ultrasensitive response can be rationalized by considering the effects of increases in the thioredoxin reductase concentration on the Tpx moiety pool. With increases in the thioredoxin reductase concentration, the steady state rates of all the reactions in the system would be expected to increase until the thioredoxin redox cycle saturated (Figure 2A -B, see [10] for a detailed explanation). However, as the activity of hydrogen peroxide reduction reaction is far smaller than thioredoxin reduction reaction in Tpx redox cycle (i.e. k H2O2 < <k trxsh , Table 1 ), these increases would trigger a relatively abrupt distribution of the oxidized Tpx pool into the reduced state (consider Figure 4C , k 5 /k 6 = 0.010). This in turn would trigger an abrupt distribution of the thioredoxin pool into the reduced state to keep the Tpx reduction 
RSS reduction
Core models of the thioredoxin system based on Schemes I and II were created using Michaelis-Menten kinetics for thioredoxin reductase and mass action kinetics for the reduction of PSS and RSS by thioredoxin. To simplify the analysis, all reaction parameters in these models were set to one. The parameters listed in this table were used in the generation of Figures 3 and 5. reaction at steady state, leading to an apparently ultrasensitive response. Thus, the kinetics of Tpx redox cycle determines the ultrasensitive response of the thioredoxin cycle. The hydrogen peroxide concentration used in the realistic model (Table 1) represents the basal hydrogen peroxide concentration in a wild type E. coli cell [27] and this ultrasensitive effect therefore occurs independently of other hydrogen peroxide scavengers such as AhpC [28] .
Interconnectivity between thioredoxin-dependent processes
In the redox circuit model of redoxin systems (Figure 1 ) thioredoxin-dependent reactions are considered to be essentially independent of each other. In our model of the thioredoxin system on the other hand, changes in the activity of some reactions clearly affected the fluxes of other reactions (Figure 2 ). This connectivity between thioredoxin-dependent pathways has been demonstrated in mammalian cells. In these cells, thioredoxin is responsible for apoptosis signal-regulating kinase 1 (Ask1) signalosome inactivation and, together with 2 Cys peroxiredoxins [16] , hydrogen peroxide reduction.
The oxidation of thioredoxin due to increases in the intracellular hydrogen peroxide levels triggers Ask1 signalosome activation and apoptosis [29] [30] [31] showing that these pathways do affect each other.
To describe this connectivity between thioredoxindependent pathways more precisely, a simplified scheme describing the oxidation of thioredoxin by two A B C Figure 3 The effect of changes in the concentration of the components of the thioredoxin system on the kinetic profile of the system. In a kinetic model of the thioredoxin system, the concentrations of NADPH (A), thioredoxin reductase (B) and thioredoxin (C) were changed over the range 0.1 (black, •••), 1 (red, -), 2 (blue, -) and 10 (green, -•-) and the response of the flux through the thioredoxin reductase reaction towards changes in the PSS concentration monitored. Parameters were as in Table 2 , except where indicated otherwise. This figure was generated using 'Logic_Figure 3.psc' (Additional file 3). A SBML version of this model ('Logic_Figure 3.xml') is available as Additional file 7.
substrates and its subsequent reduction by thioredoxin reductase was analyzed:
Equations (7) and (8) were the same as in Scheme I and were described by rates v 1 and v 2 . Reaction (8) represents an additional thioredoxin oxidation reaction, involving the reduction of RSS to RSH and was described by v 3 . To simplify the analysis, all reactions were described with irreversible mass action kinetics. Scheme II can be described with the following equations: 
A B D C Figure 4 Ultrasensitive changes in the steady state concentrations of the redox couples in the thioredoxin and Tpx redox cycles are dependent on the kinetics of the Tpx redox cycle. In each of these simulations, the ratio of the second order rate constants for Tpx oxidation and reduction (i.e. k H2O2 /k trxsh , Table 1 ) were varied from 0.015 (black, •••), 0.05 (red, -), 0.10 (blue, solid line) to 1.00 (green, -•-) and the effect on the steady state concentrations of reduced thioredoxin (TrxSH), oxidized thioredoxin (TrxSS), reduced Tpx (TpxSH) and oxidized Tpx (TpxSS) monitored. Parameters were as in Table 2 , except where indicated otherwise. This figure was generated using 'Logic_Figure 2_and_Figure 4.psc' (Additional file 1). A SBML version of this model ('Logic_Figure 2_and_Figure 4.xml') is available as Additional file 5.
At steady state equation (14) is equal to zero and can be rearranged to yield:
Substituting equation (15) into equation (11) and solving yields the following the expression for the steadystate flux through reaction v 2 :
Equation (16) is similar to the previously described analytical solution for a single cycle redoxin system (equation (5) and see [10] ) with an apparent V max described by k 1 ·NADPH·Trx total and an apparent k cat described by k 1 ·NADPH. However, in contrast to equation (5), it includes an additional term k 3 ·rss, that is part of the apparent K m for reaction v 2 . Using similar reasoning, it can be shown that for a system containing n thioredoxin oxidation reactions with their respective substrates (XSS i ), the flux through v 2 can be described as follows:
This result shows that the flux through reaction v 2 is affected by other thioredoxin oxidation reactions. Increases in the redox partner concentrations (XSS i ) of the other thioredoxin-dependent reactions can decrease the flux through a given thioredoxin oxidation reaction. In addition, it would take a higher PSS concentration to saturate v 2 in the presence of these additional thioredoxin redox partners. In effect, these redox partners act as competitive inhibitors, increasing the apparent K m for PSS (cf. equation (5) and equation (17)). Finally, in a system with a single thioredoxin oxidation reaction (cf. equation (5)), the ratio of the apparent k cat /K m is equal to the second order rate constant for that thioredoxin oxidation reaction [10] . Equations (16) (17) show that this relationship no longer holds for a system with more than one thioredoxin oxidation reaction, emphasizing that Michaelis-Menten parameters derived in vitro should be used with caution when making inferences about thioredoxin oxidation reactions in vivo [10] , or, preferably, not used at all.
To confirm the analytical solution, a core model of Scheme II with Michaelis-Menten kinetics for the thioredoxin reductase and mass action kinetics for the thioredoxin oxidation reactions [10] was developed ( Table 2 ). The effect of increasing concentrations of RSS on the PSS saturation profile for v 2 was determined. As predicted by the analytical solution (equation (16)), with increases in the flux through v 3 , the flux through v 2 decreased for a given PSS concentration ( Figure 5A ). In effect, reactions v 2 and v 3 were competing for the same pool of reduced thioredoxin. Further, as predicted by the analytical solution for A B Figure 5 Thioredoxin oxidation reactions can affect each other. In (A), the flux through the thioredoxin-dependent reduction reaction of a substrate (PSS) at varying concentrations of a second thioredoxin substrate (RSS, Scheme II) was monitored in a kinetic model of the thioredoxin system (Scheme II). The concentrations of RSS were 0.1 (black, •••), 1 (red, -), 2 (blue, -) and 10 (green, -•-). In (B), the flux through the thioredoxin-dependent reduction of PSS with increasing concentrations of RSS was monitored over a range of thioredoxin reductase concentrations: 0.1 (black, •••), 1 (red, -), 2 (blue, -) and 10 (green, -•-). Parameters were as in Table 2 , except where indicated otherwise. This figure was generated using 'Logic_Figure 5.psc' (Additional file 4). A SBML version of this model ('Logic_Figure 5.xml') is available as Additional file 8.
the system, increases in the RSS concentration increased the apparent K m for reaction v 2 . Thus, thioredoxin oxidation reactions can affect the kinetic profile of other thioredoxin oxidation reactions.
Given that the thioredoxin reductase activity plays a key role in the kinetic profile of thioredoxin-dependent reactions (Figure 2A, 3B, equations (16-17) ), the effect of increasing concentrations of RSS on the flux through reaction v 2 was monitored at varying concentrations of thioredoxin reductase ( Figure 5B ). As described above, with increases in the concentration of RSS, the flux through v 2 decreased but this effect was more pronounced at lower concentrations of thioredoxin reductase ( Figure 5B) . A high thioredoxin reductase activity ensured that reduced thioredoxin was not limiting for thioredoxin oxidation reactions and these reactions consequently exerted a smaller effect on each other.
Redox sensitivity and insulation
The previous analyses demonstrated that all reactions linked to the thioredoxin redox cycle affect each other. However these effects were not equivalent for all reactions involving thioredoxin. In our model of the E. coli thioredoxin system, some reactions appeared to be readily affected by or sensitive to changes in the thioredoxin cycle, whilst other reactions appeared to be relatively unaffected by or insulated from changes to this redox cycle (Figure 2) . We analyzed the effects of changes in the thioredoxin concentration on four types of reactions: protein disulfide reduction by thioredoxin, MichaelisMenten and ping-pong enzymatic mechanisms and a thioredoxin-dependent redox cycle.
The reduction of protein disulfides by thioredoxin (Figure 1 ) was described with the following mass action kinetic expression:
This equation shows that the fluxes through thioredoxin-dependent mass action reactions change faithfully with changes in the thioredoxin concentration. Increases in the thioredoxin concentration cause a proportional increase in the flux through this reaction and vice versa, and such reactions are consequently very sensitive to changes in the thioredoxin redox cycle. In our E. coli thioredoxin kinetic model, the fluxes through the protein disulfide and PAPS reduction reactions increased or decreased with corresponding changes in the reduced thioredoxin concentration (Figure 2A-B) . This reaction was however not affected by changes in the PAPS and methionine sulfoxide-reductase reactions ( Figure 2D -E) as these reactions did not significantly affect the thioredoxin concentration over the concentration ranges tested (result not shown).
Thioredoxin is a substrate for enzymes such as ribonucleotide, methionine sulfoxide and PAPS-reductase [3] . The effect of changes in the thioredoxin concentration on the Michaelis-Menten and ping-pong kinetic mechanisms was analyzed. In these expressions, a represents the concentration of the substrate reduced with reducing equivalents from thioredoxin and K a represents the binding constant of that substrate to the enzyme. The Michaelis-Menten expression for such a reaction (assuming independent binding of the two substrates to separate sites) is shown below:
The elasticity expression [21, 22] of such a reaction to changes in the thioredoxin concentration is given by:
The ping-pong kinetic mechanism for the enzyme-catalyzed reduction of a substrate, A, by thioredoxin has the following expression:
The elasticity expression of this reaction to thioredoxin is given by:
These solutions show that the sensitivity of an enzyme with Michaelis-Menten kinetics to changes in the reduced thioredoxin concentration depends on the thioredoxin concentration and binding constants (equation (20)), whilst ping-pong enzymes are sensitive to the concentrations and binding constants of both substrates (equation (22)).
Thioredoxin reduces a number of proteins such as peroxiredoxins [32, 33] which are in turn oxidized by other partners, forming a redox cycle for these proteins (Figure 1) . To determine the conditions under which such cycles could be insulated or sensitive to changes in the thioredoxin concentration, the following scheme was analyzed:
where M is reduced by thioredoxin and described by a mass action expression with a forward rate constant, k 1 and M' is oxidized by C to M and the reaction described by a mass action rate expression with a forward rate constant k 2 . M and M' constitute a moiety conserved cycle with moiety sum, M t . As described for equation (5), the steady-state flux through the the reduction of C by M' can be described by the following kinetic expression:
The response coefficient [34] for this expression with respect to thioredoxin is
This analysis indicates that if the concentration of the oxidizing substrate for the redox cycle (c, Scheme III) is very low, then equation (26) tends to zero and the cycle is relatively insensitive to changes in the reduced thioredoxin concentration. On the other hand, if the concentration of the oxidizing substrate was to increase (relative to the term k 1 /k 2 TrxSH), then the response would approach one indicating that the cycle would be more sensitive to the reduced thioredoxin concentration and therefore the thioredoxin redox cycle. Equation (26) also shows that if the ratio of the reduction and oxidation rate constants for M and M' respectively (i.e. k 1 /k 2 , equation (26)) is very high compared to the concentration of c, then the flux through the redox cycle is also relatively insulated from changes in the concentration of reduced thioredoxin. Thus, those cycles with a higher rate of thioredoxin-dependent reduction (cf. equation (23)) compared to oxidation (cf. equation (24)) are less sensitive to changes in the thioredoxin redox cycle. Finally and in agreement with other modeling results ( Figure 5B), this equation shows that limiting concentrations of (reduced) thioredoxin increase the response of this cycle to changes in the thioredoxin redox cycle.
In our computational model of the E. coli thioredoxin system (Figure 2) , the rate constant for Tpx reduction (3000 μM.s -1 ) was significantly greater than the rate constant for Tpx oxidation (44 μM.s -1 ) ( Table 1) . As predicted from equation (26) , this redox cycle was consequently less sensitive to changes in the thioredoxin redox cycle compared to other thioredoxin oxidation reactions (Figure 2) . Further, the comparatively high rate of thioredoxin oxidation by Tpx also ensured that in the presence of hydrogen peroxide, reducing equivalents from thioredoxin were preferentially used for hydrogen peroxide reduction and that the fluxes of other thioredoxin oxidation reactions were decreased ( Figure 2F ).
Discussion
The thioredoxin system appears to be regulated at multiple levels from gene expression [11, 35, 36] to the cellular metabolism [7, 37] level. This, together with large number of thioredoxin-dependent processes [3] , suggests a potentially complex network of regulatory interactions. In this paper, we focused on the kinetic regulation of the E. coli thioredoxin system and associated reactions.
Changes in the component concentrations of the thioredoxin system in vitro have resulted in changes to the Michaelis-Menten parameters assigned to thioredoxin [8] , whilst changes to concentrations and activities of components of the thioredoxin system in vivo have been associated with distinct physiological changes [3, 8, [38] [39] [40] [41] [42] . These results suggest that the thioredoxin system is adaptable and our analysis confirmed that changes in the system, especially the thioredoxin reductase concentration, can affect the kinetic profiles of thioredoxin oxidation reactions. For example, decreases in the thioredoxin reductase activity decreased the fluxes and caused thioredoxin oxidation reactions to saturate at lower concentrations of their substrates (Figures 2A,  3B ). In addition, the fluxes of thioredoxin oxidation reactions affected each other to a greater extent ( Figure  5B ). Thioredoxin reductase activity is therefore a key parameter for the function of the thioredoxin system and associated reactions. These results explain why drugs that target this enzyme are so potent [41, 42] as inhibition of thioredoxin reductase would not only affect the thioredoxin redox cycle but could trigger systemwide effects on all thioredoxin-dependent reactions (Figure 2A) . The viability E. coli and yeast thioredoxin reductase mutants [3, 43] does however suggest that the glutathione/glutaredoxin system can adequately compensate for the thioredoxin system in these cells [3] .
Despite evidence of cross-talk between thioredoxin pathways in Ask1 signalosome activation [29] [30] [31] , thioredoxin-dependent reactions and processes have been considered essentially independent of each other in redox circuit models of the thioredoxin system (see for example Figures 1, 2 in [3] and Figure 1 in [42] ). However, our analysis showed that changes in the thioredoxin cycle which increased or decreased the steady state thioredoxin concentration, affected the fluxes of other thioredoxin oxidation reactions (Figure 2, equations (16-17) ). Thioredoxin oxidation reactions are therefore connected to, and can affect each other via the thioredoxin redox cycle. Whilst all thioredoxindependent reactions can, in principle, affect each other, our model of the E. coli thioredoxin system showed that these reactions displayed differential sensitivities to changes in the redox cycle, allowing for several modes of kinetic regulation within the system (Figure 2 ). Thioredoxin-dependent mass action reactions were relatively sensitive to changes in the thioredoxin redox cycle (Figure 2A, F) , whilst the sensitivity of enzymatic reactions and redox cycles (Scheme II) depended on their individual kinetic parameters (equations (20, 22, 26) , Figure  2A , C, E, F). For example, in response to increasing hydrogen peroxide concentrations, non-specific protein disulfide reduction by thioredoxin was dramatically reduced, whilst the Tpx flux, which is involved in the oxidative stress response, was affected to a lesser degree ( Figure 2F ). These results suggest that the flux distribution within the thioredoxin system may change dynamically in response to the physiological state of the cell.
In our kinetic model the Tpx redox cycle in particular was insulated from changes that occurred in the thioredoxin redox cycle when compared to other thioredoxin oxidation reactions (Figure 2) . Further, the relatively high rate constant for the thioredoxin-dependent reduction of Tpx (Table 1) ensured that hydrogen peroxide reduction was prioritized over protein disulfide, PAPS and methionine sulfoxide reduction ( Figure 2F ). This finding agrees with other work showing that E. coli metabolic processes are very sensitive to hydrogen peroxide (reviewed in [44] ) and the model predicts that the coupling of hydrogen peroxide metabolism to the thioredoxin redox cycle can limit sensitive cellular processes, such as DNA synthesis, under oxidative stress conditions. An intriguing finding was that the kinetic structure of the Tpx redox cycle and its coupling to the thioredoxin redox cycle, led to ultrasensitive changes in the reduced thioredoxin concentration with changes in the thioredoxin reductase concentration. In turn, these changes resulted in large changes in the fluxes of thioredoxindependent cellular processes (Figures 2A-B) . This indicates that the coupling between hydrogen peroxide metabolism and the thioredoxin redox cycle could represent a mechanism to coordinate large changes in the thioredoxin-dependent processes within a cell and that the inhibition of Tpx activity would disrupt this mechanism. Whether this mechanism is utilized in vivo still needs to be determined although the upregulation of thioredoxin reductase in pathological conditions such as cancer [2] suggests that this may represent a mechanism for these cells to effect large changes in their metabolism.
Conclusions
In keeping with published findings, our analysis shows that the kinetics of the thioredoxin redox cycle allows for a system that is adaptable and, in contrast to other models of the system, connects thioredoxin-dependent processes. This is significant because it shows that the capacity through thioredoxin-dependent pathways depends critically on the concentration of thioredoxin reductase and that the electron circuit approach to modeling the thioredoxin system (Figure 1 ) is limited. Depending on their kinetics thioredoxin-dependent reactions can show differential sensitivities to changes in the thioredoxin redox cycle, allowing for several modes of kinetic regulation within the system. Taken together, these results indicate that the thioredoxin redox cycle is an analogue device that receives, distributes and coordinates redox signaling between metabolic processes within the cell. This work serves as a good starting point for the experimental analysis of the network properties of the thioredoxin system.
Methods
Kinetic Modeling
All kinetic modeling experiments were carried out using the open source Python Simulator for Cellular Systems (PySCeS) modeling software [45] . Three types of models were used for analyzing the thioredoxin system. Models with mass action kinetics for all reactions were used to derive analytical solutions for the thioredoxin system. These solutions were confirmed with core models that contained realistic kinetic expressions for thioredoxin reductase but were parameterized with default parameter sets (i.e. all parameters were set to one). Finally, a realistic kinetic parameter set was used to create a computational model of the E. coli thioredoxin system (described below). To describe the kinetic behavior of the thioredoxin system at the pathway level, core and realistic model outputs were plotted as parameter portraits, which capture the systems-level behavior of a metabolic pathway (for a detailed description and examples see [21, 46] ). All models will be made available on the JWS Online database [47] and are available in PySCeS (Additional files 1, 2, 3 and 4) and SBML (Additional files 5, 6, 7 and 8) formats. PySCeS model outputs were confirmed with Copasi [48] . In all reaction schemes species names were capitalized, whilst lower case was used to describe species concentrations.
Realistic kinetic model of the E. coli thioredoxin system A realistic kinetic model of the E. coli thioredoxin system was developed that included a number of thioredoxin-dependent reactions: thioredoxin reductase, methionine sulfoxide reductase, PAPS reductase, Tpx and protein disulfide reduction (Figure 1) . The kinetic parameters for the model were obtained from literature and from the BRENDA [49] and CyberCell databases [50] (Table 1) . However, the concentration of oxidized disulfides (PSS), methionine sulfoxide (MetSO), methionine sulfoxide reductase ([MsrA]), PAPS and PAPS reductase ([PR]) could not be obtained directly from the literature and were estimated as follows.
To estimate the concentration of oxidized disulfides we used a dataset that identified the redox partners of the thioredoxin system in E. coli [51] . Protein sequences for these redox partners were obtained from Uniprot http://www.uniprot.org/ and the numbers of possible disulfide bridges in these proteins were estimated using the DiANNA web server http://clavius.bc.edu/~clotelab/ DiANNA/ [52, 53] . The in vivo concentration of these disulfide bridges were then estimated using protein concentrations from the CyberCell database [50] which gave a disulfide concentration of 423 μM. This value represents complete oxidation of all the disulfides in these redox partners and for the modeling experiments shown here we assumed that 1% of the target disulfides were oxidized. Simulations of the model were undertaken with higher concentration of oxidized disulfide and the results obtained were in agreement the main findings described above (results not shown).
Under normal cultivation conditions 2% of methionine in the E. coli proteome is oxidized to methionine sulfoxide [54] , although the actual concentration of this methionine sulfoxide is not known. Assuming a total E. coli protein concentration of 250 mg/ml [55] and an average methionine content in the proteome of 2.9% [56] , we estimated a proteome methionine concentration of 48.3 mM and a methionine sulfoxide concentration of 0.97 mM. The intracellular protein concentration of methionine sulfoxide reductase was estimated by taking the ratio of its copy number to the Tpx copy number and multiplying by the intracellular concentration of Tpx [57] . The concentration of Tpx was varied ten-fold during simulations of the model but this did not affect the main findings of the study (results not shown).
PAPS reductase is encoded by cysH which is part of the cysCDHIJ regulon [58] and its concentration was estimated by taking the ratio of its copy number to the CysI copy number and multiplying by the intracellular concentration of CysI [50] . The concentration of PAPS within E. coli was not known but has been shown to vary from 0.07 to 20 μM in Saccharomyces cerevisiae depending on the state of the cell [59, 60] . We used 0.07 μM in this study. While PAPS reductase has a ping-pong kinetic mechanism [12] it was modeled with mass action kinetics (Figures 2A-C , E, F) because our assigned concentration was almost 5-fold higher than the concentration of its substrate (Table 1) . However, to determine the effect of increasing PAPS concentrations on the thiroedoxin system, the PAPS reductase reaction was modeled with ping-pong kinetics ( Figure 2D ).
